Poly (d,l-lactic acid), PLA, was synthesized from lactic acid using two polymerization methods: direct polycondensation and ring opening polymerization. The effects of temperature, reaction time, and catalyst type were studied. Intrinsic viscosity determination, differential scanning calorimetry, and infrared spectrometry were used to characterize the polymers obtained. Gravimetric and colorimetry analyses were used to study polymer degradation under different environments varying pH, temperature and salinity. The results showed that higher rates of degradation were obtained in higher pH and temperatures, and lower molar mass polymers presented a higher degradation rate. The outcome showed that it is possible to control the degradation rate under different petroleum production conditions. This makes the PLA a potential material to be used as a matrix for additives releasing systems.
INTRODUCTION
Degradable polymers have attracted great research interest due to its potential application in many areas. The degradation occurs mainly by cleavage of the main chain or the side chains of the macromolecules, which, in general, can be done by physical, chemical, mechanical, or biological agents (Albertsson  and  Karlsson,  1995) . The environmental conditions, to which the polymer is exposed, such as pH and temperature, can influence degradation speed. Besides natural conditions, the polymer degradation process is also affected by the material's chemical and physical characteristics, such as molar mass, porosity, morphology, purity, chemical reactivity, and thermal and mechanical resistance (Alexis, 2005;
Kumari et al., 2010).
The degradability has been studied for a number of natural and synthetic polymers, such as polysaccharides, polyanhydrides, polyols, polyurethanes, polyamides, acrylic polymers, and aliphatic polyesters (Severino et al., 2011). Poly (lactic acid), PLA, is a polymer of great interest, mainly due to its biodegradable characteristics. PLA is a polyester obtained from lactic acid (2-hydroxypropionic acid). It can be synthesized at a wide range of molar masses through two different processes: (1) direct polycondensation of lactic acid and (2) ring opening polymerization (ROP) Although the degradation of PLA occurs in a simple hydrolysis process, literature reports that the degradation depends on a wide range of factors that include molar mass, thermal treatment, crystallinity, purity, temperature, pH, size, and shape of the sample (Auras et al., 2004; Ndazi and Karlsson, 2011). The degradation can also be influenced by the parameters of the environment to which it is exposed to. Due to the great potential of PLA, interest in its application has spread to other areas, such as agriculture ( Solutions to the problems that affect the performance of producing wells can be obtained using chemical additives. These substances are among the best means to increase production, extend the well's useful life, and reduce the deterioration of the extraction equipment and flow lines ( The incorporation of a chemical additive by means of a protective polymer matrix is a new way of chemical treatment in oil fields. The polymer matrix, which traps a determined additive, tends to degrade under well conditions such as the type of aqueous medium, salinity, and pH, releasing the additive in a controlled form to regulate the target problem (Erbstoesser, 1983).
In petroleum industry, the study of PLA polymers, considering its use as a degradable matrix for chemical additives, is still quite recent. Nevertheless, based on its characteristic of being degradable in aqueous medium, this polymer, along with the entire class of polyhydroxy acids to which it belongs, has excellent potential for application in this area. The degradation rate of these polymers can be modified according to the features of interest in releasing chemical additives. These additives are easy to mold and manipulate because of their thermoplastic characteristics This paper reports experiments to obtain PLA under different conditions. It also analyzes its degradation in different media. The experiments were performed under laboratory conditions, similar to those found in oil production.
MATERIALS AND METHODS

Materials
The major products used in this work were: d,llactic acid, 85% (Purac Sínteses Ind. e Com.); antimony trioxide (Carlo Erba do Brasil S.A.); stannous octoate (Agroquímica Maringá S.A.); ethyl acetate (Vetec Quimica Fina Ltda); and phydroxydiphenyl (Sigma Aldrich S.A.).
Preparation of poly (lactic acid)
The poly (lactic acid) acid was produced by direct polycondesation and open ring polymerization. In both cases, the systems were heated at 130°C, under atmospheric pressure, to remove water. For direct polycondensation, antimony trioxide (0.1% wt/wt) was used as catalyst. The total reaction time was five hours. During the reaction, three polymer aliquots were removed at the end of the first, fourth, and fifth hour, respectively. The temperature was increased from 150°C to 210°C and, then, to 230°C, after taking the first and the second aliquot (Table 1) . The reaction was carried out at reduced pressure (10-20 mmHg) (Garlotta, 2001) . Using the opening ring polymerization, the lactide ring was formed after removing the water. Then, the polymerization took place at 160°C, and 10-20mmHg of pressure using stannous octoate (0.1%) as catalyst. Two aliquots were taken, one at the end of the first hour and the second at the end of the sixth hour (Garlotta, 2001).
Characterization of poly (lactic acid)
The molar masses were determined by viscometry using an Ubbelohde 0B viscosimeter placed in a water-bath thermostatically controlled at 23°C. The polymers were dissolved in chloroform, at concentrations ranging from 5-10% (wt/v). The intrinsic viscosity [η] of each polymer was obtained by extrapolating it to zero concentration. From these results, the molar mass (M) was calculated using the Mark-HouwinkSakurada equation (Brandrup and Immergut, 1989), using k = 2.46 x 10 -7
, and a = 1.49 (Deasy et al., 1989) .
Fourier transform infrared spectroscopy (FTIR) was used to obtain the spectra of the lactic acid and PLA samples, which were analyzed as films, after casting and evaporating polymer solution in chloroform (1%) on an NaCl pellet. A Perkin-Elmer 1720 FTIR spectrometer, at a range of 4000 to 400cm -1 and with a scan of 2 cm -1
, was used.
The heat flow curves as a function of temperature were obtained in a Perkin-Elmer, DSC-7 differential scanning calorimeter under nitrogen flow of 20 mL/min, at temperatures ranging from 35 to 100°C, at a heating rate of 20°C /min. Thermogravimetric analyses were carried out in a Perkin-Elmer TGA-7, under nitrogen flow of 35mL/min, from 30 to 450°C, at a heating rate of 20°C/min.
Degradation studies
The five different polymers samples prepared were submitted to four distinct contact conditions: (1) distilled water; (2) seawater; (3) a buffer solution with pH of 9.6; and (4) a buffer solution with pH of 3.0. Triplicate results were obtained. Samples of 0.2g of polymer in 40mL of each solvent were placed in recipients and submitted to temperatures ranging from 23 and 70°C. The materials were removed for analysis using gravimetric and colorimetric methods in time spans of 15 days for a total period of 60 days.
The polymers added to the different media were filtered after the predetermined degradation time. Then the filtered mass was placed in a vacuum chamber at 40°C for 48 hours, after which the residue was weighed. The degradation mass was calculated by Equation 2.
where m i is the polymer's initial mass and m d is the remaining dry mass of the polymer after degradation.
The samples were also analyzed through the colorimetric method (UV-Vis Celme E205-D), by plotting a response curve using the following method: various monomer solutions in distilled water, with concentrations ranging from 0.1 to 5.0µg/mL, were treated with a solution of 4% copper sulfate and concentrated sulfuric acid. Then, the solutions were heated in boiling water for five minutes and cooled immediately to room temperature. After the addition of phydroxydiphenyl, the system was heated again until boiling, and kept under the same conditions for 90 seconds. Following, the samples were analyzed at 620nm (Chu and Louie, 1985). The samples submitted to degradation were analyzed using the same procedures, and their monomer contents were determined using the response curve. Table 1 shows the reaction conditions to obtain poly (lactic acid), the label used to identify the samples, and the molar mass results. Although the polymers have been synthesized by two different routes to obtain different molar masses, similar values were obtained by comparing the two techniques, most likely due to the high viscosity after removing the water step. Five samples with different molar masses were obtained. These samples were deemed suitable for use in the study of degradation under oil production conditions, considering that the experiment was not seeking a very long degradation time.
RESULTS AND DISCUSSIONS
Polymer characterization
The FTIR spectra of the monomer and the polymer samples PLA 1-1 and PLA 1-3 are shown in Figure 1 . The spectra of all the polymer samples ), which is significant in the monomer's spectrum, practically disappeared in the spectra of the polymers synthesized with longer reaction time. This outcome confirms the increase of conversion with time. An exception was observed in the spectrum of sample PLA 1-1, which had a broad band characteristic of the OH group. This diverse result can be explained by the fact that the aliquot of this material was obtained with shorter reaction time and, consequently, contained a relatively higher quantity of still unreacted hydroxyls. The lower conversion of PLA 1-1 was also confirmed by the short peak, related to -CH, at 820cm -1
. After opening the ring to form the polymer chain, more -CH groups were formed, increasing the intensity of this band. The band at 1150cm -1 , related to -CO, is broader in polymers than in monomers due to the overlapping of monomer and polymer contribution, since the polymer sample may contain some unreacted monomer.
Thermal analysis is a good tool to study polymer behavior in terms of transitions and degradation ( Brostow, 2000; Lucas et al., 2001) . The differential scanning calorimetry (DSC) curves obtained for the PLA 1-2, PLA 1-3 and PLA 2-2 only presented a discontinuity of the baseline related to the glass transition event. As expected, no peaks related to the crystalline phase melting temperature were observed. This result is in line with the fact that polymerization of racemic monomer (D, L lactic acid) mixtures result in amorphous polymers, essentially.
Thermal, mechanical, and biodegradable properties along with the degree of PLA crystallinity depend strongly on the ratio and distribution of the two stereoisomers in the polymer chain (Maharana et al., 2009 ). The glass transition temperature (Tg) of the PLA 1-2, PLA 1-3 and PLA 2-2 samples were, respectively, 58, 58 and 39°C, even though these samples have very close molar mass values (Table 1) . For the polymers obtained by direct polycondensation, the difference in molar mass from 5,080 to 5,680 was not sufficient to alter the Tg. However, the sample with molar mass of 6,750, obtained by ring opening polymerization, had a significantly lower Tg value. This result suggests that the product obtained in two steps (ring opening polymerization) contains unreacted lactide, which is responsible for reducing the Tg value. Table 2 presents the onset temperatures (elongation of the segments) and start of mass loss of the polymers. As expected, the thermal stability increased with higher molar masses. The profiles of the thermal degradation curves were very similar for each of the families of samples obtained (PLA 1 and PLA 2). Figures 2a and 2b present the mass-loss curves in function of temperature for PLA 1-2 and PLA 2-1, respectively. The figures show the onset and start of degradation temperatures. The PLA 1 family shows mass loss in two well-defined stages, However, the results of this study can be related to the low molar masses of the polymers, the wide molar mass distribution, and, in the case of the samples obtained by ring opening, to the presence of lactide in the sample.
Degradation studies
The in vitro degradation of poly(lactic acid) was studied for a possible application in the production of polymeric microspheres to promote the encapsulation of chemical additives in controlled release systems in the petroleum industry. The study of the polymer's degradation profile was carried out in function of the influence of its molar mass and the medium's pH and temperature conditions. The PLA samples were added to four media, distilled water, seawater, a solution with pH of 3.0, and a solution with pH of 9.6, to ascertain whether or not these media influence on the degradation process.
Influence of the molar mass and type of polymerization
The degradation of PLA occurs by the cleavage of the ester bonds in the polymer chains. Since the water hydrolyzes the chains randomly, the polymer molar mass is reduced and soluble oligomers are produced. Therefore, the polymer's degradation can be accompanied by monitoring the mass loss after a determined time interval (Saha and Tsuji, 2006). Figure 3 shows the percentage of residual mass as a function of time for all PLA samples in water at 23°C. The observation of Figure 3 allows one to conclude that the higher the molar mass samples exhibit, the higher the stability is. PLA 1-1 lost mass much more quickly than the others, even under the least severe conditions (15 days, at 23°C). Hence, this polymer may be suitable for applications where it is necessary to release a sort of additive encapsulated in its matrix rapidly. Figure 4 shows the influence of polymerization type on the degradation. The plot shows that the polymers obtained by ring opening polymerization are more resistant to degradation than those obtained by direct polycondensation. This behavior can be observed for all the degradation media to which these polymers were exposed to. The greater resistance to degradation shown by the PLA 2 family can be observed in Figure 4 , where polymers produced by direct polycondensation (PLA 1) showed total degradation at the end of 60 days of exposure. In contrast, those obtained by ring opening (PLA 2) did not degrade more than 20%, even after the same 60 days of exposure. This suggests there is another factor, besides molar mass, which is able to restrain the hydrolytic cleavage.
A comparison between PLA 1-3 and PLA 2-1 samples can be done using the data from Figure 4 . The plot shows that the samples have relatively close molar masses, and demonstrate the influence of the method that obtain polymer on its degradation behavior. The PLA 1-3 sample obtained by direct polycondensation had a slightly higher degradation speed, despite presenting a higher molar mass than PLA 2-1 sample obtained by ring opening. This behavior was more accentuated in a more aggressive degrading medium with pH 9.6, at 23°C, shown in Table 3 . Under these conditions, the greater resistance of the PLA 2-1 sample in relation to PLA 1-3 is evident. After 15 days, PLA 2-1 had a residual mass that was nearly twice as large as PLA 1-3 (40.9%).
The differences between the sample's residual masses can be explained using the following argument: although the poly (d,l-lactic acid) is predominantly amorphous, it contains a small crystalline portion, which can influence its behavior. Annealing may occur during its synthesis by ring opening, which occurs at 160°C, since the temperature is maintained, for a long period, between the glass transition temperature (Tg = 49-52°C) and the crystalline phase melting temperature of commercially available PLA, 185ºC (Brandrup and Immergut, 1989). The annealing is responsible for the better formation of the crystalline domains, which, even in small quantities, can promote the increased resistance to degradation observed in this sample.
The results presented, up to this point, indicate that the choice of using the polymer as a matrix must be made carefully, in order to obtain the desired behavior of the material in relation to the type of application required. For example, in subsea environments, at ambient temperature, these polymers can be used as matrixes for biocides. In that capacity, these chemical substances are stored in tanks to release the additive for a long period of time. Biocides can be used at high temperatures in petroleum production, also functioning as an additive matrix for various oilfield applications, where the additive's release can be customized by choosing the type of polymer in function of the medium to which it will be exposed to.
Influence of pH
The systems were exposed to two extreme pH values: a strongly acidic one (pH 3.0) and a strongly alkaline one (pH 9.6). Distilled water was chosen as the degradation agent because its pH value of 6.5 is close to neutral, allowing the results of the experiments to serve as reference parameter. The majority of the degradation studies have been carried out in a phosphate buffer saline solution with pH 7.4, simulating the physiological environment ( Finally, because the aim of this work was to study the use of this polymer in offshore oil production and storage, the influence of seawater (pH 8.2) as a degrading medium was also studied. All the systems were studied at both 23 and 70 o C. Figure 5 shows the behavior of the PLA 1-2 sample exposed to the different media at 23°C. A comparison of the degradation media shows clearly that as the pH rises, so does the polymer's degradation rate. For the pH 3 and pH 6.5 media (distilled water), the degradation rates are very similar. This pattern of behavior was observed for all the samples. In a more alkaline medium (pH 9.6), the polymer samples were totally degraded and also presented high degradation speeds, Based on previous knowledge, one expected that seawater (pH 8.2) would induce a higher degradation rate, near that observed for the pH 9.6 medium, due to the similarity of these pH values. However, although the degradation rate increased as the pH did, this relation was not linear. The media with pH 3 and pH 6.5 caused relatively close degradation rates, while the difference in residual mass after 60 days for the pH 8.2 and 9.6 media in some cases reached 60%. The literature mentions that the presence of salts in the medium accelerates the degradation of polymers (Makino et al., 1985) . In this study, the influence of the salts present in the seawater was not enough to overcome the difference in degradation rate induced under the extreme pH 9.6 condition.
The acidic medium was not highly aggressive to this polymer -the degradation rate was relatively low, meaning that the acidic degradation appears to be less efficient. This behavior presents a big advantage for use in production fields. In those fields, the matrix containing a certain type of additive would not undergo an accentuated variation in the pre-programmed speed at which the reservoir would be exposed to intervention with acidic fluids.
Influence of temperature
A comparison between Figure 5 and Figure 6 clearly denotes the accentuated effect of temperature on the degradation rate of the samples of PLA 1-2. At 70°C, the samples show the same behavior pattern, that is, increased degradation rate as pH rises, in nonlinear form.
However, for each pH condition, the degradation rates were much higher when the samples were submitted to a temperature of 70°C. In this case, under all pH conditions, there was no residual mass after 60 days. This is significant because in most media, after 15 days, at 70°C, the degradation was greater than after the full 60 days at 23°C. Table 4 shows the residual mass values for all the polymers exposed to seawater, at both temperatures (23 and 70°C). The degradation of all the polymers at 70°C was much greater than at 23°C.
The difference in degradation speed as a function of temperature is shown clearly in Figure  7 , where the percentage curves of the residual mass as a function of time are plotted for the PLA 2-2, in seawater at the two temperatures. The results for seawater, plotted in Figure 7 , were used because the degradation of the polymers in this medium was nearly linear. The angular coefficients, estimated visually by the slopes of the curves at 70°C, are considerably greater than those at 23°C. Although one can predict an increase in the degradation rate with the increase in temperature, the effect observed at 70°C was much more accentuated. Probably, in this case, the system is undergoing the influence of two factors: the temperature itself and the fact the PLA was above its glass transition temperature (Tg = 49-52°C) (Brandrup and Immergut, 1989 
Comparison between the methods of analysis
Gravimetry is a technique used widely because it is cheap and very precise in analyzing degradation. As such, it is used often to study PLA. However, it is a very laborious technique, which demands care over a long period of time to furnish the desired results. Therefore, as an alternative, this work used an alternative technique of colorimetry to analyze the monomers produced during the degradation period. The comparative results, presented in Table 5 , show that the differences between the polymer degradation percentages obtained by the two methods do not exceed 2%. The agreement of the results obtained by these two techniques proves their precision. Colorimetry offers the advantage of speed, since it allows one to work on large number of samples at the same time, and simplicity. On the other hand, the benefit of the gravimetric method lies on the fact that it does not require the use of any specific equipment or reagents. 
CONCLUSIONS
The degradation of poly (lactic acid), PLA, occurs more quickly in fractions of polymers with lower molar masses. However, the medium to which the samples were submitted to has a predominant influence on their degradation rate. Greater degradation rates were observed in a more alkaline medium (pH 9.6) and at a higher temperature (70°C). The degradation rate did not increase linearly with an increase in pH value. Such rate was much more accentuated for more alkaline pH values. The induction of degradation at 70ºC appeared to be associated with the mobility of the polymer chain, which was above its Tg (49 -51°C).
The degradation of PLA takes into account various parameters, to include pH, temperature, monomer concentration in the medium, molar mass, and polymer chain arrangements. The degradation is induced by a synergy of these factors in conjunction with other features associated with the degradation system. The wide range of substances produced by the same type of polymer showed the great flexibility of PLA to degradation. The polymer can be degraded totally in only a few days, or maintained almost unaffected for more than two months. The PLA can be an excellent matrix to deliver chemical additives in the oil industry, since its degradation can be controlled. The acceleration or retardation of the degradation process can be monitored by adding an agent in the carrier fluid. This control may also occur by selecting the most suitable polymer from knowledge of the medium that will be used.
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